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Four genes were identi®ed in a screen for thyroid hormone-induced down-regulation of gene expression in Xenopus laevis
tadpole tails. All four encode extracellular glycoproteins that are expressed exclusively in the apical cell layer of the entire
tadpole epidermis, which is the equivalent of the mammalian fetal periderm. The onset of the four novel genes' expression
late in embryogenesis, their activity throughout the life of the tadpole, their repression by exogenously added thyroid
hormone, and the spontaneous cessation of their expression at the end of tadpole life are closely coordinated. These facts
suggest that the protein products of these genes form a novel albeit temporary barrier or other structure in the tadpole
epidermis that functions in lieu of the corni®ed, strati®ed epithelium of the adult epidermis. We have exploited the cloning
of these genes for use as cell-speci®c markers to follow the appearance and loss of apical cells during development. We
were able to demonstrate directly that the apical cells are derived from a strati®cation of the embryonic ectoderm at the
onset of the formation of a true epidermis. The apical cells uniformly cover the surface of the tadpole until metamorphosis,
when the expression of the four larval epidermis-speci®c genes is lost coordinately over the entire tadpole. In contrast, the
adult epidermis develops with a distinct regional speci®city: adult keratin is ®rst expressed up to a line separating the body
and tail epidermis and ®nally appears in the tail only at metamorphic climax. Finally, our analysis reveals that the TH-
induced down-regulated gene expression program during metamorphosis is very different from the previously described
up-regulated program which involves multiple cell types and several waves of gene expression changes. The down-regulated
program only consists of the repression of a small number of genes which are expressed in larval cells preprogrammed to
die during the larval to adult transition at metamorphosis. q 1997 Academic Press
INTRODUCTION some tadpole structures like the tail and gills are resorbed
completely, while others such as the limb buds grow and
differentiate. Remodeling of existing organs is generally ac-Metamorphosis in the frog Xenopus laevis involves dra-
complished by the death of larval cells and the growth andmatic morphological and functional changes in nearly every
differentiation of adult stem cells (Yoshizato, 1992; Ishi-organ and tissue (Dodd and Dodd, 1976). The whole process
zuya-Oka and Shimozawa, 1992), although in some cases ais under the control of rising levels of thyroid hormone (TH)
direct conversion of larval to adult cells has been proposedand can be induced precociously in competent tadpoles by
(Cohen et al., 1978).adding appropriate TH levels to the rearing water (Dodd and
Dodd, 1976; Kikuyama et al., 1993). During metamorphosis, One of the best studied examples of an organ which re-
models in response to TH during amphibian metamorphosis
is the skin. From late embryogenesis until metamorphosis
The sequence data shown in this paper are available from Gen- in X. laevis, the epidermis consists of two to three cell
Bank/EMBL/DDBJ under Accession Nos. U41860 (XL17) and layers in contact with a basement membrane which is sup-
U41839 (XL18), U41861 (XL19), U46575, and U46576 (both XL20). ported by a directly underlying collagen lamella (Kemp,1 Present address: Department of Urology, Northwestern Univer-
1963; Fox, 1985). Below the collagen lamella are scatteredsity Medical School, Tarry Building 11-715, 303 E. Chicago Ave.,
mesenchymal cells but no true dermis. The outermost epi-Chicago, IL 60611.
dermal cells, called apical or periderm cells, are mucus se-2 To whom correspondence should be addressed. Fax: (410) 243-
6311. E-mail: brown@mail1.ciwemb.edu. creting and have prominent Golgi complexes typical of se-
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cretory cells (Fox, 1985). Under the apical cells are the skein four TH down-regulated genes whose cDNAs were isolated
originally from the resorbing tadpole tail. All four genescells which are identi®ed as having large, intracellular bun-
dles of intermediate ®laments known as the Figures of Eb- encode membrane-bound or secreted glycoproteins ex-
pressed exclusively in the apical cells of the tadpole epider-erth (Fox, 1985). In the tail, these cells contact the basement
membrane. In the body and head region, but rarely in the mis, a set of cells structurally equivalent to the periderm
of mammalian fetal skin. The isolation of these genes hastail, basal cells underlie the skein cells. Basal cells appear
to be the stem cells which give rise to the adult epidermis allowed us to study the appearance of this unique cell layer
during epidermal development and has provided tools toat metamorphosis (Kinoshita and Sasaki, 1994a,b; Robinson
and Heintzelman, 1987). The relative abundance of basal begin to analyze the mechanism of apical cell death at meta-
morphosis. Whole-mount in situ hybridization was used tocells in the epidermis correlates with regional epidermal
fate (Izutsu et al., 1993; Kinoshita and Sasaki, 1994b). The obtain a global picture of the disappearance of the larval
epidermis and the rise of the adult epidermis during thisskin of the tail, which has very few basal cells, dies during
resorption of that tissue, while the body and head develop developmental switch. The colocalization and coregulation
of these newly isolated, down-regulated gene transcripts im-an adult, strati®ed epidermis which replaces the tadpole
epidermis. ply that they function together to play an important role in
the simple bilayered epidermis of the tadpole.From the time the embryo hatches until metamorphosis,
all layers of the tadpole epidermis are mitotically active,
especially the apical cell layer (Robinson and Heintzelman,
1987; Kinoshita and Sasaki, 1994b). As thyroid hormone MATERIALS AND METHODS
levels rise, the apical and skein cells stop dividing, and the
basal cells in the body and head (as well as the small number
Animals. X. laevis embryos were raised in dechlorinated tapin the tail) proliferate and begin to give rise to the adult
water from in vitro fertilized eggs. Stage 45 and older tadpolesepidermis (Yoshizato, 1992). The collagen lamella is in-
(some purchased from Xenopus I, Ann Arbor, MI) were raised in
vaded by mesenchymal cells to form the dermis (Kemp, continuously but slowly running dechlorinated tap water at 207C
1963). The apical and skein cells ¯atten and die and are and fed with nettle powder plus freeze-dried salmon food. Only
eventually shed (Robinson and Heintzelman, 1987; Fox, albino X. laevis were used for cytological studies. Animals were
1985). The resulting adult epidermis is similar to the stra- anesthetized by chilling on ice prior to dissection. For Northern
blot analysis, tissues or embryos were placed directly into liquidti®ed epidermis of all terrestrial vertebrates, with a replicat-
nitrogen and stored at 0807C prior to use. Embryos and tadpolesing layer of basal keratinocytes that gives rise to outer layers
were staged according to Nieuwkoop and Faber (1956). The tadpolesof spinous, granular, and terminally differentiated corni®ed
used in Fig. 1B were treated with 100 nM 3,5,3*-triiodothyroninecells (Watt, 1989). This structural reorganization at meta-
(T3) (Sigma) in beakers of dechlorinated tap water for the indicatedmorphosis is accompanied by changes in water permeability
times.as well as gas and ion-exchange properties of the tadpole
cDNA cloning and sequence analysis. The original full-length
skin (summarized in Robinson and Heintzelman, 1987). (XL17, XL18) and partial (XL19, XL20) cDNA clones in pBluescript
Since TH acts through a set of conserved nuclear recep- SK0 (Stratagene) were isolated as described previously (Wang and
tors which are ligand-regulated transcription factors (Wein- Brown, 1991). The 5*-end of the XL20 cDNA was isolated by the
berger et al., 1986; Sap et al., 1986), we have been studying 5*-rapid ampli®cation of cDNA ends (RACE) kit from Gibco BRL.
Ten micrograms poly(A)/ RNA from stage 50 tadpole tails wasamphibian metamorphosis as a series of TH-induced
reverse transcribed using a primer located 250 bp from the 5*-endchanges in gene expression in various tadpole organs (Wang
of the cDNA insert, puri®ed using a Centricon-100 (Amicon), andand Brown, 1993; Buckbinder and Brown, 1992; Shi and
tailed. This cDNA was PCR ampli®ed with the anchor primer andBrown, 1993; Kanamori and Brown, 1993). A subtractive
a nested XL20 speci®c primer. Taq Extender (Stratagene) was in-hybridization protocol, ``the gene expression screen'' (Wang
cluded in each reaction. Bands at the expected size [2 kb as judgedand Brown, 1991), has allowed us to isolate cDNAs corre-
by a modi®ed primer extension analysis (Yaoita and Brown, 1990)]
sponding to both up- and down-regulated genes. One consis- were gel puri®ed, cloned into the pCR vector (TA cloning kit, In-
tent observation emerging from these screens has been the vitrogen), and then subcloned into pBluescript KS0 for further anal-
domination of different developmental programs by TH- ysis. A probe from the 5*-RACE-generated cDNA gave an identical
induced up-regulated genes compared to down-regulated pattern on Northern blot and in situ hybridization analysis as did
probes from the original 3*-end partial cDNA clone (data notgenes. This is true regardless of whether the program is
shown).one of cell growth (limb; Buckbinder and Brown, 1992), cell
cDNAs were sequenced on both strands by generating sets ofdeath (tail; Wang and Brown, 1993), or remodeling (intes-
nested Exonuclease III-generated deletions (Erase-a-base kit, Pro-tine; Shi and Brown, 1993). In the tail, fewer than 10 genes
mega) and sequence-speci®c primers using a dye sequencing kitare estimated to be repressed by TH, whereas about 35 are
(Applied Biosystems, Inc.). cDNA sequences and their predictedup-regulated (Wang and Brown, 1993). We chose to study
open reading frames were submitted to GenBank using the BLAST
the down-regulated genes as a group because they were sus- program (Altschul et al., 1990). Signal peptide and other sorting
pected to encode either factors required for the survival of sequences were identi®ed using the PSORT (Nakai and Kanehisa,
larval cells or proteins participating together in a specialized 1992) and PROSITE (Bairoch, 1993) programs. XL17, XL18, and
function critical to the tadpole but dispensable by the adult. uromodulin were aligned by the ClustalW program (Thompson et
al., 1994) in Fig. 2.In this study, we have cloned and characterized the only
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Northern analysis. Total RNA was isolated from staged em- procedure was adapted from Thisse et al. (1993) with the following
modi®cations. The samples were rehydrated stepwise in ethanol/bryos and tadpole tissues by homogenization in Trizol (Gibco BRL)
PBS and ®nally into PBST (PBS / 0.1% Tween 20). The samples(Chomczynski, 1993) or by extraction with guanidinium±HCl and
were digested with 10 mg/ml proteinase K for 3 1/2 min, then di-cesium chloride puri®cation (Chirgwin et al., 1979). Northern anal-
rectly re®xed in paraformaldehyde. The samples were preincubatedysis was performed essentially as described previously (Wang and
for at least 1 hr at 657C in the same hybridization solution describedBrown, 1993). Equal amounts of RNA were loaded for each set of
above, then hybridized overnight in the same solution with a 1:100developmental stages and T3 treatment times as judged by methyl-
dilution (approximately 1 mg/ml) of the indicated DIG-labeled probeene blue staining of the membrane after transfer (Herrin and
at 657C. Washing was carried out as described. The samples wereSchmidt, 1988).
blocked for 1 hr at room temperature in PBST / 2% (heat-inacti-In situ hybridization. Antisense and sense digoxigenin (DIG)-
vated) horse serum and 2 mg/ml BSA (blocking solution), then incu-labeled RNA probes for in situ hybridization were made from lin-
bated overnight at 47C with a 1:5000 ®nal dilution in blockingearized, proteinase K-treated plasmid DNA templates. XL17-19, the
solution of the preabsorbed alkaline phosphatase-coupled anti-DIGoriginal partial XL20, and the partial 63 kDa keratin [pM7 (Mathi-
antibody. The samples were then washed once brie¯y with PBST,sen and Miller, 1987)] cDNA containing plasmids were used di-
four times for 15 min and once for 1 hr in PBST, three times forrectly. pM7 was derived from pUF164, containing the type II adult
10 min in AP buffer/ 0.1% Tween 20, and then stained with NBT/epidermal cytokeratin cDNA (Hoffman et al., 1985). The partial
BCIP in the same buffer. The samples were allowed to develop forlarval keratin cDNA, DG118 (XK81B2 gene; Miyatani et al., 1986)
1 hr, and the reaction was stopped by rinsing in PBST. Pictureswas subcloned into pBluescript KS0 before use. Sense and antisense
were taken using an SV11 Zeiss dissecting microscope.cRNA probes were synthesized by in vitro transcription using the
Immunohistochemistry of XL17. A peptide (VTETSDSSVEPK-DIG RNA labeling mix of nucleotides (Boehringer-Mannheim) in
LYLLQNGC) corresponding to amino acids 230 ±259 of XL17 wastranscription buffer and either T3 or T7 RNA polymerases (buffer
made using an Applied Biosystems 431A peptide synthesizer, cou-and enzymes from Stratagene).
pled to preactivated keyhole limpet hemocyanin (Pierce), and dia-Tissues for sectioning were placed directly into 4% paraformal-
lyzed overnight against three changes of PBS. Two and one-halfdehyde in PBS and ®xed overnight at 47C. Tissues were dehydrated
milligrams of the peptide±hemocyanin conjugate was injected intothrough an alcohol series, cleared in xylenes, then washed and
New Zealand white rabbits and boosted twice with 0.5 mg andembedded in molten paraplast (Electron Microscopy Sciences).
once with 1 mg conjugate. The IgG fractions of the immune andEight-micrometer sections were cut on a microtome, allowed to
preimmune sera were isolated on a protein A±agarose column (Pha-spread in water, placed on pretreated slides (VWR), and warmed on
rmacia LKB Biotechnology) (Eliceiri and Brown, 1994) prior to use.a slide warmer overnight at 487C.
Staged tadpole tails were ®xed, embedded in paraf®n, and sec-In situ hybridization on tissue sections was performed as modi-
tioned as described for in situ hybridization. Where indicated, re-®ed from Schaeren-Wiemers and Ger®n-Moser (1993). Sections
agents were from the Vectastain Elite kit from Vector Laboratories.were dewaxed in Hemo-D (Fisher) and rehydrated through an etha-
After sectioning, the slides were dried overnight at room tempera-nol series. After re®xing in 4% paraformaldehyde, the sections were
ture, dewaxed in xylenes, and rehydrated through an ethanol seriesdigested with 20 mg/ml proteinase K (Sigma) in PBS 8 to 12 min
into PBS. The slides were blocked with 5% nonfat dry milk con-and ®xed again in paraformaldehyde. After washing in PBS, sections
taining 1% BSA and 1.5% normal goat serum in PBS for 45 min inwere acetylated in 0.25% acetic anhydride in triethanolamine (pH
a humidi®ed chamber. The primary antibody (either XL17, preim-8.0) for 10 min, then washed again in PBS. The sections were hy-
mune, or XL17 antibody preincubated overnight at 47C with 90 mg/
bridized overnight at 657C (no prehybridization) in 20 ml of hybrid-
ml of the immunizing peptide) at a dilution of 1:500 (6.6 mg/ml IgG
ization solution (51 SSC, 11Denhardt's solution, 100 mg/ml DNA,
fraction) was added for 30 min at room temperature. The slides
250 mg/ml yeast tRNA, and 50% formamide) containing a 1:100
were processed as described in the Vectastain kit instructions and
dilution (approximately 0.5±1.5 mg/ml) of the DIG-labeled RNA
developed in DAB substrate (Pierce) for 5 min. After stopping the
probe heat denatured for 5 min at 807C. Washes in 51 and 0.21
reaction with water, the slides were dehydrated in alcohol, cleared
SSC were carried out as described at 657C rather than 727C and
in xylenes, and then mounted with Permount. Nomarski and
were followed by a 5-min wash in 0.2 1 SSC at room temperature
bright-®eld photographs were taken as above.
followed by a 5-min wash in B1 buffer (0.1 M Tris±Cl, pH 7.6, 0.15
M NaCl). The slides were blocked with 10% heat-inactivated horse
serum in B1 for 1 hr and then incubated with a 1:1000 dilution of
anti-DIG antibody (Fab fragment±alkaline phosphatase conjugate, RESULTS
Boehringer-Mannheim) in B1 with 1% horse serum for 2 hr in a
humidi®ed chamber. Levamisole was not used in these studies. Cloning and Characterization of cDNAs from the
Slides were washed four times for 5 min each in B1 and 10 min in
Down-Regulated Genes of the Xenopus laevisAP buffer (100 mM Tris±Cl, pH 9.5, 100 mM NaCl, 50 mM MgCl2) Tadpole Tailand developed with nitroblue tetrazolium/bromochloroindoyl
phosphate (NBT/BCIP, Boehringer-Mannheim) in AP buffer for 1 In the screen for genes down-regulated by TH in the re-
to 3 hr. Where indicated, slides were counterstained with 1 mg/ sorbing tadpole tail, partial to full-length cDNAs which cor-
ml 4,6-diamino-2-phenylindole (DAPI) for 5 min to visualize cell
respond to four separate genes were isolated. The four iso-nuclei. Nomarski differential interference contrast and ¯uores-
lated genes were originally numbered 17±20 (Wang andcence photographs were taken on a ¯uorescence Olympus BH-2
Brown, 1993) and will be referred to here as XL17-20. North-microscope using Kodak Ektachrome Elite ASA400 ®lm.
ern blot analysis of total RNA established the induction ofFor whole-mount in situ hybridization, tadpole tissues and em-
these genes during development and their response to THbryos were placed directly into 4% paraformaldehyde in PBS to ®x
(Fig. 1). All four genes are not expressed until after hatchingovernight at 47C. Samples were washed three times in 100% etha-
nol and stored in ethanol at 0207C until use. The whole-mount (stage 35) (Fig. 1A) and were found by Northern blot analysis
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FIG. 1. Northern analysis of total RNA from staged X. laevis embryos and tadpole tails using the indicated cDNA probes. (A) 10 mg of
total RNA from fertilized eggs, E, or from embryos at the indicated developmental stages; (B) XL17-20, 20 mg total tail RNA from stage
52 tadpoles treated with 100 nM T3 for varying lengths of time; XK81B and adult keratin, 10 mg total tail RNA for tadpoles treated as
above or from the indicated stages.
to be expressed only in the head, limb, and tail, but not in dulin; Pennica et al., 1989; Hession et al., 1989) and pan-
creas (GP-2; Hoops and Rindler, 1991). In Fig. 2, the openinternal organs such as the intestine and kidney (Wang and
Brown, 1993; data not shown). XL17-20 are repressed with reading frames from the ®rst methionines of XL17 and XL18
are aligned with human uromodulin, indicating the posi-similar kinetics during induced (Fig. 1B) and spontaneous
metamorphosis (Wang and Brown, 1991; Brown et al., 1996). tions of potential N-linked glycosylation sites, hydrophobic
amino- and carboxy-termini, and aligned cysteine residues.In a previous paper (Wang and Brown, 1993), it was reported
that these genes are repressed by at least 50% in as little The major mRNA encoded by XL19 is approximately 7
kb. A 2.3-kb cDNA clone encodes a reading frame of 436as 2 hr of TH treatment. Whereas the repression of these
genes has variable kinetics, all four genes are regulated with amino acids that is open through the 5*-end of the partial
cDNA. The sequence contains three and one-half proline-similar kinetics within a given experiment. In our experi-
ence, the time course shown in Fig. 1B is the most common and threonine-rich repeats of 77 to 84 amino acids which
are characteristic of mucins (Timpte et al., 1988; Devineresponse observed. By comparison, a larval epidermal kera-
tin gene (XK81B), which is also repressed after spontaneous and McKenzie, 1992). The repeats are aligned in Fig. 3A, and
the carboxy-terminus is shown below with four N-linkedmetamorphosis (at stage 66; Miyatani et al., 1986), is ®rst
expressed earlier than XL17-XL20 (Fig. 1A). However, un- glycosylation sites (black triangles). No transmembrane do-
main or GPI-anchor signal was found in the carboxy-termi-like XL17-20, XK81B is not signi®cantly repressed by a 48-
hr TH treatment (Fig. 1B). nus of XL19. Because of the close identity of this partial
sequence with mucins (which tend to be very large, repeti-Genes XL17 and XL18 encode approximately 1.6-kb
mRNAs. The cDNA clones obtained for them were 1.5 and tive proteins), no further attempt was made to clone the
remainder of the cDNA.1.7 kb, respectively. The XL17 cDNA may not be full length
since the open reading frame extends to the 5*-end of the XL20 encodes a major 8-kb mRNA and a minor 3.5-kb
mRNA. However, the original cDNA cloned was only 1.5cDNA. However, three independently isolated cDNA
clones for XL17 were the same size or slightly smaller. The kb. A synthetic primer was used to clone an additional 2
kb of cDNA toward the 5*-end of the message by the RACEproteins predicted to be encoded by XL17 and 18 are dis-
tantly related to each other and to two GPI-anchored mem- protocol (Frohman et al., 1988). The RACE product probably
corresponds to the 5*-end of the XL20 transcript sincebrane proteins expressed in the mammalian kidney (uromo-
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FIG. 2. Comparison of XL17 and XL18 with human uromodulin. The predicted protein sequences for XL17 (357 amino acids) and XL18
(429 amino acids) are aligned with human uromodulin (hUro, amino acids 211 to 640 are shown) (Pennica et al., 1987, Hession et al.,
1987). Identical amino acids are noted by two dots. Aligned cysteine residues are boxed. Predicted signal sequences (von Heinje, 1986) for
XL17 and XL18 are underlined at the amino-termini. Hydrophobic sequences at the carboxy-termini of XL17, XL18, and uromodulin
which are predicted to be the signal sequences for GPI-anchor addition (Udenfriend and Kodukula, 1995, Rindler et al., 1990) are also
underlined. Potential sites of N-linked glycosylation (N-X-S/T) for XL17 and XL18 are noted by the black triangles below the sequences.
primer extension gives the predicted size of the cDNA prod- but due to the pseudotetraploidy of the X. laevis genome
or polymorphisms in the tadpole population used to prepareuct (data not shown). The additional nucleotides in the
longer 8-kb mRNA probably represent a long 3*-UTR, a the cDNA library and the mRNA for the RACE procedure.
The predicted amino acid sequence of XL20 does not matchfeature of several of the up-regulated genes identi®ed in
these screens (Brown et al., 1996). The RACE-generated any protein in the database, yet the signal peptide sequence
and N-linked glycosylation sites suggest that it is also acDNA clone hybridized with the same mRNA bands as did
the original cDNA fragment (data not shown). secreted glycoprotein. No transmembrane domain or GPI-
anchor signal was found.The 5*-RACE-generated clone and the overlapping origi-
nal cDNA clone combine to encode a composite open read-
All Four Down-Regulated Genes Are Expresseding frame for XL20 of 997 amino acids (Fig. 3B). The differ-
Only in the Apical Cells of the Tadpole Epidermisence of 11 amino acids between the predicted amino acid
sequences in the region of overlap between the two clones In situ hybridizations of stage 52 tadpole tail sections
localize the expression of all four genes to the apical cell(amino acids 570±651) is probably not a cloning artifact,
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FIG. 3. Predicted open reading frames for XL19 and XL20. (A) The open reading frame for XL19 predicted from the sequence of its partial
cDNA clone is shown. Three and one-half repeats rich in proline (7±10%) and threonine (31±34%) are aligned, followed by the nonrepetitive
carboxy-terminus. Numbering of the amino acids is from the ®rst amino acid encoded at the 5*-end of the partial cDNA. Four potential
N-linked glycosylation sites are noted by black triangles. (B) The predicted open reading frame for XL20 is compiled from two overlapping
cDNA clones. The region of overlap is from the amino acids 570 to 651, and differences in the predicted amino acids are shown underneath.
An amino-terminal signal peptide is underlined. Potential N-linked glycosylation sites are noted by black triangles.
layer of the epidermis (Fig. 4). A higher magni®cation (Fig. onic ectoderm disappears by stages 42±44, and the larval
epidermis develops, another layer of cells (presumably skein4E) clearly shows the bilayered epidermis of apical (ap) and
skein (sk) cells and the underlying collagen lamella. Sec- cells) has begun to form in between the XL19- and XL20-
expressing cells and the basement membrane (Fig. 5E). XL17tions from a variety of stages and regions of tadpoles con®rm
that the mRNAs of XL17-20 are localized to the apical epi- and XL18 are not detected until stage 42, when the embry-
onic ectoderm is essentially gone and the apical cells aredermal cells over the entire tadpole (see also Fig. 8A).
We examined XL17-20 expression during early develop- the most exterior cell layer. XL18 expression is identical to
XL19 and XL20 at this stage, while XL17 is just beginningment by in situ hybridization of sections taken from the
posterior end of embryos and tadpole tails (after stage 40). to be expressed in isolated apical cells (Fig. 5F). Virtually
all apical cells express XL17-20 by stage 45 (data not shown).XL19 and XL20 expression is detected ®rst at stage 37/38
before the embryonic ectoderm has been lost (Fig. 5B) and We followed the pattern of XL17-20 expression during
spontaneous (Fig. 6) and induced metamorphosis (data notwhen the ®rst collagen lamella and basement membrane
appear to demarcate the tadpole epidermis (Nieuwkoop and shown) again using in situ hybridization. In contrast to the
uniform expression of these genes during premetamorpho-Faber, 1956). Between stages 37 and 40, XL19 and XL20
mRNAs are restricted to a single layer of cells directly con- sis, we now ®nd that the expression of the XL17-19 genes
is mosaic in the tadpole tail and restricted to the dorsal ®ntacting the basement membrane yet beneath the embryonic
ectoderm (Figs. 5B and 5D). By contrast, the larval keratin tip at stage 62 (Fig. 6A). The mRNAs for these genes are
clearly decreasing at stage 62 by Northern analysis (WangXK81B gene, whose transcripts are ®rst detected by North-
ern at stage 22, is expressed in multiple layers of the embry- and Brown, 1993). The arrows in Fig. 6A point out cells
with reduced XL19 expression relative to adjacent stronglyonic ectoderm throughout larval life (Fig. 5A). As the embry-
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FIG. 4. In situ hybridization of tadpole tail sections. Tail cross-sections of stage 52 X. laevis tadpoles were hybridized with the following
digoxigenin (DIG)-labeled riboprobes: (A) an XL17 antisense probe, (B) an XL17 sense probe, (C) an XL18 antisense probe, (D and E) an
XL19 antisense probe in which the sections were counterstained with DAPI to visualize cell nuclei, and (F) an XL20 antisense probe. All
sections are shown at 401 original magni®cation except E, which was taken at 1001 original magni®cation. In E, the apical cell layer
(Ap) and the skein cell layer (Sk) are noted by arrows. The underlying collagen lamella layer is marked by black triangles.
FIG. 5. Appearance of down-regulated gene expression during epidermal development. In situ hybridization of tail cross-sections was
performed with the following staged X. laevis embryos and tadpoles and antisense DIG-labeled riboprobes: (A) stage 37/38 with the larval
keratin XK81B, (B) stage 37/38 with XL20, (C) stage 37/38 with XL17, (D) stage 40 with XL20, (E) stage 42 with XL20, and (F) stage 42
with XL17. Sections in D and E were counterstained with DAPI. All are 401 original magni®cation.
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FIG. 6. Loss of down-regulated gene expression and appearance of adult keratin expression during spontaneous metamorphosis. In situ
hybridization of tail cross-sections was performed with the following staged tadpoles and DIG-labeled riboprobes: (A) stage 62 with XL19,
(B) stage 62 with XL20, (C) stage 62 with adult keratin, (D) stage 63 with XL19, and (E, F) stage 63 with adult keratin. Arrows in A indicate
cells expressing less XL19 than other cells in the section. When in the frame of the picture, the collagen lamella is marked by a black
triangle. Dorsal ®n tips are shown in A, B, C, D, and F; side of tail is shown in E. A is at 1001 original magni®cation, the rest are at 401
original magni®cation.
expressing cells. Other cells in this same outermost layer stage 42 when expression of XL17-20 is detected, the down-
regulated gene transcripts are restricted to the outermostare negative for XL19 expression. We have observed the
same pattern of staining for XL17 and 19 in 32-hr TH-treated apical cell layer, while the adult keratin gene is found in
lower, intermediate cell layers of the epidermis.tadpole tails (data not shown). The loss of XL20 expression
precedes XL17±19 repression during spontaneous meta-
morphosis as judged by Northern analysis (data not shown).
XL17 Protein Is Localized between Cell LayersAccordingly, we did not detect any XL20-expressing cells
of the Tadpole Epidermisat stage 62 when XL17-19 are still expressed in some apical
cells (Fig. 6B). An antiserum speci®c for the XL17 gene product was
raised against a 15-amino-acid peptide from the most hydro-To follow the appearance of adult epidermal cells relative
to the disappearance of the larval apical cells during sponta- philic region of the protein (Kyte and Doolittle, 1982) which
does not include an N-linked glycosylation site. As shownneous and induced metamorphosis, we used a probe corre-
sponding to the 3*-end of the adult skin 63-kDa keratin in Fig. 7, immunohistochemistry localizes the XL17 protein
solely on the basal side of the apical cells where they contactcDNA (Mathisen and Miller, 1987; Hoffman et al., 1985),
which we refer to here as adult keratin. The expression of the skein cells. While much of the staining is in between
cell layers, we often see staining all the way to the basementthe adult keratin gene appears in tail skin at metamorphic
climax (Fig. 1B) and after a 3-day treatment of tadpoles with membrane of the epidermis, indicating that the protein may
be secreted as well. However, we cannot conclusively dem-T3 (Mathisen and Miller, 1987). At stage 62, the down-regula-
tion of the XL19 gene overlaps with the initial onset of adult onstrate whether the protein is membrane bound or se-
creted or both. In agreement with our in situ hybridizationkeratin gene expression in the dorsal tadpole ®n epidermis
(Figs. 6A and 6C). By stage 63 when the adult keratin gene data, the antibody stains the entire tadpole epidermis (Fig.
7A). Speci®city was con®rmed by the near absence of stain-is expressed more uniformly (Fig. 6E), all cells are essentially
negative for the XL19 mRNA (Fig. 6D). During both sponta- ing when the antibody was preincubated with the peptide
antigen (Fig. 7D) or by using preimmune serum (data notneous and TH-induced metamorphosis, patchy expression of
the adult keratin gene begins consistently in the dorsal ®n shown). By climax of spontaneous metamorphosis (Wang
and Brown, 1993) and after 48 hr of TH treatment (Fig.of the tail and with time radiates along the sides (Figs. 6E
and 6F), even though the entire tail is destined to be resorbed. 1B), when the mRNA for XL17 is drastically reduced, the
staining pattern is no longer continuous, and the proteinAt all times of TH treatment and developmental stages after
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FIG. 7. Localization of XL17 protein by immunohistochemical staining. X. laevis tadpole tail cross-sections were stained with (A±C)
an antibody against XL17 protein or (D) the anti-XL17 antibody preincubated with the peptide antigen. (A) Stage 48 tail, (B and D) stage
54 tadpole tails, (C) stage 63 tadpole tail. (A) 51 original magni®cation taken with bright ®eld, (B±D) 401 original magni®cation taken
with Nomarski optics.
appears in patches between the cell layers (Fig. 7C, 48 hr; pattern. Adult keratin transcripts appear uniformly in the
head and trunk epidermis beginning at stage 57 (Fig. 8E).T3 treated tail not shown).
However, there is little expression in the bulk of the tail
epidermis except for some expression around the lateral line
Distribution of Down-Regulated Gene Expression organs at this stage (Figs. 8E and 8F). At stage 59, a line of
in Whole Tadpoles demarcation of expression of the adult keratin gene between
the tail and body skin is clearly evident (Figs. 8G and 8H).Since the four down-regulated genes are all expressed in
As previously noted, adult keratin is not expressed in thethe outermost cells of the epidermis, we were able to follow
tail until stage 62, ®rst on the dorsal ®n (Fig. 6C), and attheir pattern of expression in intact tadpoles by whole-
later stages begins to radiate along the sides during tail re-mount in situ hybridization. From stage 45 on, expression
sorption.of XL19 is generally uniform across the entire surface of the
tadpole (stage 53 tadpoles are shown in Fig. 8A), with the
exception of the lateral line organs (ll) and the developing
hindlimbs (Fig. 8B). The same is true for XL17, XL18, and DISCUSSION
XL20 (data not shown). As a control, a tadpole was hybrid-
ized with the adult keratin probe which is not expressed at The TH-Induced Down-Regulated Genes of
this time (AK, Fig. 8A). X. laevis Tadpoles Encode Membrane-Bound
Again using whole mounts, we have followed XL19 and or Secreted Glycoproteins
adult keratin expression during spontaneous (Figs. 8C±8H)
and induced metamorphosis (data not shown). The expres- We have estimated previously that fewer than 10 genes are
down-regulated in the tadpole tail by TH (Wang and Brown,sion of XL19 is still uniform over the entire tadpole at stage
57 (Figs. 8C and 8D), except for localized expression in the 1993; Brown et al., 1996). The only four down-regulated
genes isolated from the previous subtractive hybridizationdeveloping limbs and the continued absence of expression
in the lateral lines. The loss of XL19 expression during spon- screen (Wang and Brown, 1991) have been cloned and char-
acterized here. These genes, designated XL17-20, have threetaneous or induced metamorphosis occurs coordinately and
gradually as metamorphosis proceeds. In contrast, expres- important characteristics in common. They are down-regu-
lated during induced and spontaneous metamorphosis withsion of the adult keratin gene appears in a clearly restricted
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FIG. 8. Whole-mount in situ hybridization of staged X. laevis tadpoles with XL19 or 63-kDa keratin probes. Whole tadpoles were hybridized
with antisense DIG-labeled riboprobes for XL19 (A, labeled XL19; B±D) or 63-kDa adult keratin (A, labeled AK; E±H). Staged tadpoles shown
are (A) stage 53 tadpoles, (B) hindlimb of stage 51 tadpole, (C±F) stage 57, and (G, H) stage 59. dl, dorsolateral region of the hindlimb; m,
medial hindlimb; ll, lateral line organs; hl, hindlimb. Positions of the close-up views of the tadpoles in (D, F, and H) are boxed in (C, E, and
G), respectively. Dark regions in (A, C, E, and G) in the gut area of whole tadpoles are due to normal dark coloration of that tissue.
similar kinetics; they all encode membrane-bound or se- highest mRNA expression levels of the four (Wang and
Brown, 1991). Thus, XL19 may encode the larval mucincreted glycoproteins; and they are all expressed in precisely
the same single cell layer of the tadpole epidermis. described by Fox (1985). Whereas epidermal mucins in adult
frogs are secreted by specialized mucous glands which de-XL19 encodes mucin-like repeats (Fig. 3A) and has the
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velop de novo in the dermis at metamorphosis (Fox, 1985), including those lining the lumen of the kidney and pancreas
where uromodulin and GP-2 are expressed, respectively.the larval mucin product of XL19 is synthesized by all of
the tadpole apical cells. XL20 encodes a large (100 kDa) The epithelium of the thick ascending loop of Henle is wa-
ter impermeable, and it has been proposed that uromodulinnovel protein. No identi®able structural motifs were noted
except for an N-terminal signal sequence and several N- may be involved in the barrier function of these cells (Hoyer
et al., 1979; Sikri et al., 1979). Likewise, GP-2 is expressedlinked glycosylation sites which suggest that XL20 is also
a secreted protein (Fig. 3B). in cells which must form a barrier protecting underlying
cells from the harsh, proteolytic environment of the pancre-Two of the down-regulated genes, XL17 and XL18, are
distantly related to each other and to the mammalian GPI- atic lumen. A role for these proteins in directed protein
and/or ion transport is also possible (Fukuoka et al., 1992).anchored proteins uromodulin (Pennica et al., 1987; Hes-
sion et al., 1987) and GP-2 (Hoops and Rindler, 1991) (Fig. Simple epithelia like the tadpole apical epidermal cells and
kidney and pancreatic luminal epithelia have similar ar-2). Uromodulin is expressed in cells lining the lumen of the
thick ascending loop of Henle of the kidney (Bachmann et rangements of contacts between adjacent cells, i.e., tight
junctions at the apical surface followed more basally byal., 1990 and references therein), while GP-2 is expressed in
the luminal acinar cells of the pancreas (Hoops and Rindler, belt and spot-type desmosomes (Farquhar and Palade, 1963).
Low-stringency hybridization of Northern blots detected1991). Both proteins are found as membrane-bound forms;
however, large amounts are also secreted as sedimentable transcripts related to pancreatic GP-2 in mammalian secre-
tory tissues in addition to the kidney and pancreas such asaggregates. Uromodulin and GP-2 are more closely related
to each other than they are to either XL17 or XL18. How- the parotid and submandibular glands and the digestive
tract (Fukuoka et al., 1992). The apical epidermal cells ofever, these proteins share a number of striking features
which lead us to believe that they are structurally related. the amphibian tadpole should be included in this class of
simple, secretory epithelia which synthesize related andFirst, several cysteine residues in XL17 and XL18 are closely
aligned with the equivalent positions in uromodulin and likely GPI-anchored membrane proteins.
GP-2 outside of the mammalian proteins' amino-terminal
Coordinate Expression and RepressionEGF repeats. Second, both XL17 and XL18 have a large num-
of XL17-20 Genesber of potential N-linked glycosylation sites, and both uro-
modulin and GP-2 are known to be highly glycosylated Despite the fact that XL19 and XL20 mRNAs are detected
earlier in embryogenesis than XL17 and XL18, and XL20 disap-(Muchmore and Decker, 1985; Havinga et al., 1985). Third,
all four related proteins have stretches of hydrophobic resi- pears in spontaneous metamorphosis before the other three
mRNAs, all four genes clearly respond coordinately to addeddues at both their amino- and carboxy-termini, which is
highly characteristic of GPI-anchored membrane proteins TH by both degrading preexisting mRNA with similar kinet-
ics and shutting off gene transcription. No striking similarities(Low, 1989; Udenfriend and Kodukula, 1995). Uromodulin
and GP-2 have been shown experimentally to contain bona were found in the 3*-untranslated regions of the four mRNAs.
Nonetheless, this striking, coordinate hormone-regulated re-®de GPI anchors (Rindler et al., 1990; Hoops and Rindler,
1991). All of the above similarities suggest that XL17 and pression of XL17-20 resembles the well-known example of
the down-regulation of the multiple salivary gland glue pro-XL18 encode GPI-anchored proteins which are new mem-
bers of the GP-2/uromodulin gene family (Fukuoka et al., tein genes (Lehmann, 1996) and cuticle protein genes (Apple
and Fristrom, 1991; Horodyski and Riddiford, 1989) at meta-1992).
One difference between at least XL17 and a number of morphosis in Drosophila melanogaster and Manduca sexta.
While we have not been able to determine whether down-other GPI-anchored proteins appears to be the localization
of the XL17 protein (Fig. 7). Uromodulin and GP-2 are local- regulation is a direct response of TH, we have demonstrated
that it certainly occurs before the apical cells are lost. Forized by immunohistochemistry to apical, basolateral, and
secretory vesicle membranes (Beaudoin et al., 1993; Hav- instance, at climax XL19 is repressed in a mosaic pattern,
with XL19-expressing cells situated adjacent to nonexpressinginga et al., 1985; Hoyer et al., 1979; Sikri et al., 1979). Like
most GPI-anchored proteins, uromodulin is claimed to be cells in precisely the same cell layer (Fig. 6). The non-XL19-
expressing cells have normal, noncondensed nuclei as judgedanchored predominantly on the apical membrane of the epi-
thelial thick ascending loop of Henle cells (Bachmann et by DAPI staining (data not shown). In addition, XL20 tran-
scripts are undetectable in the outer cell layer at a stage whereal., 1985). While the GPI anchor has been proposed to be
an apical surface sorting signal (Brown et al., 1989; Lisanti some XL19 mRNA still exists (Fig. 6) and other mRNAs are
still present in the apical cells after the loss of XL17-20et al., 1989), the XL17 protein is localized on the basal side
of the apical epidermal cells, inward toward the underlying mRNAs (data not shown).
skein cells. This unusual localization pattern suggests that
The TH-Induced Down-Regulated Genesthe protein may perform an adhesive function or forms a
Are Induced during Epidermis Formationbarrier between the two cell layers, perhaps in a complex
and Are Uniformly, Not Regionally,with XL18 or the other down-regulated gene products.
Repressed at MetamorphosisFarquhar and Palade (1963) have pointed out that the api-
cal cell layer of the tadpole epidermis forms an epithelial The transcripts of XL17-20 appear in the tadpole epider-
mis between stage 37 and stage 42 during development (Fig.sheet very similar in structure to other simple epithelia,
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5). XL19 and XL20 are the ®rst to appear at stage 37/38 in The Programs for TH-Induced Up- and Down-
Regulation Are Very Differenta set of cells in direct contact with the newly formed base-
ment membrane and underlying collagen lamella. These
Up-regulation of speci®c genes dominates TH-inducedstructures mark the appearance of the ®rst ``true'' epidermis
metamorphosis programs whether they lead to growth and(Fox, 1985; Nieuwkoop and Faber, 1956). The XL19- and
differentiation (Buckbinder and Brown, 1992), programmed
XL20-expressing cells at stage 37/38, which will become
cell death (Wang and Brown, 1993), or remodeling (Shi and
the apical or outermost cell layer of the tadpole epidermis,
Brown, 1993). XL17-20 are the most dramatically repressed
develop underneath the remnant of the embryonic ecto-
of any of the few down-regulated genes detected to date.
derm. Our data show that the apical cell layer is formed as They are coordinately regulated by added TH and are ex-
a strati®cation of the embryonic ectoderm coincident with pressed exclusively in a single cell type of the tadpole epi-
the formation of a supporting matrix of collagen, a process dermis even though the screen for down-regulated genes
which had been inferred from studies on the expression of included mRNA from the entire tadpole tail. In contrast,
less cell type-speci®c larval keratin in mice (Byrne et al., most of the delayed genes in the tail up-regulated program,
1994). The apical cells may arise in response to inductive the ones which are likely to execute the program of cell
cues from changes in the underlying mesenchyme, some- death in this tissue, are expressed not in the epidermis but
thing also suggested for developmental changes in the devel- in mesenchyme and ®broblasts (D. L. Berry, R. S.
oping mammalian epidermis (Byrne et al., 1994). By stage Schwartzman, and D. D. Brown, unpublished results). Many
42, another cell layer, probably the skein cells, develops of the up-regulated genes encode secreted or membrane pro-
underneath the XL19- and XL20-expressing cells which are teins including several proteases (Brown et al., 1996). Look-
now at the surface of the tadpole. The appearance of XL19 ing at our studies on the TH-induced both up- and down-
and XL20 expression at such an early stage of larval skin regulated programs of the tail, we suggest that XL17-20 may
development suggests a structural role in epidermal forma- play an important role in the integrity and/or function of
tion for these genes in particular. the tadpole epidermis, while the up-regulated genes are in-
At metamorphosis, the bilayered, self-replicating larval volved in remodeling the connective tissue and muscle cell
epidermis is replaced by a germinative, strati®ed epidermis, death, which are the major events during the complete re-
which includes a layer of mitotically active keratinocytes sorption of the tail. Based on our results, we predict that
on the basement membrane (Robinson and Heintzelman, down-regulation in other metamorphosing tissues such as
1987; Fox, 1985). In our studies, we have never observed an the intestine also predominantly involves the repression of
overlap of expression of the down-regulated genes and an genes from each tissue's larval cell component.
adult skin marker, adult keratin, in the same cells (see Fig.
6). These results, in addition to the work of others (Izutsu
XL17-20 Are Expressed in a Specialized, Secretoryet al., 1993; Kinoshita and Sasaki, 1994a), provide clear evi-
Epithelium Analogous to the Mammalian Peridermdence that the larval apical epidermal cells do not transdif-
ferentiate into adult keratinocytes in response to thyroid During development, the skin undergoes a similar set of
hormone. changes in all terrestrial vertebrates and amphibians (Nishi-
Using a modi®ed whole-mount in situ hybridization pro- kawa et al., 1992; Byrne et al., 1994; Holbrook and Odland,
tocol, we have been able to examine global changes in epi- 1975). For a de®ned period of time during fetal (larval) life,
dermal gene expression during metamorphosis of intact tad- a simple two- or three-layered mitotically active epidermis
poles (Fig. 8). The expression of XL17-20 is uniform across exists. The outermost layer in mammals is called the peri-
the entire tadpole epidermis prior to metamorphosis. The derm; it is the structural equivalent of the amphibian apical
only exceptions are the lateral line organs, which need to cells. At a de®ned point in time, adult stem cells (basal cells
have direct contact with the environment, and the limb or basal keratinocytes) selectively proliferate to form the
buds, which will form adult-speci®c structures yet develop strati®ed, germinative adult epidermis. The human peri-
with a mosaic of adult and larval skin. As metamorphosis derm is present from the ®rst month through the second
proceeds, the four down-regulated genes are repressed coor- trimester of gestation when it dies and is sloughed off into
dinately, not regionally, over the entire epidermis despite the amniotic ¯uid (Holbrook, 1983). In all vertebrates stud-
the different developmental fates of the skin in the body ied, including Xenopus, this epidermal restructuring is ac-
versus the tail. In stark contrast, the adult keratin gene companied by changes in keratin gene expression (Banks-
begins to be expressed up to a line that circles the tadpole Schlegel, 1982; Byrne et al., 1994; Ellison et al., 1985; Ko-
at the base of the hindlimb. This rather sharp line marks bayashi et al., 1996) and changes in the array of cell-surface,
precisely where the body epidermis ends and where the tail lectin-binding glycoproteins (Watt et al., 1989; Amano et
epidermis begins. Our results with intact tadpoles con®rm al., 1995). Unlike the clear role of thyroid hormone in the
that the basal cells, which give rise to adult skin, are far morphological and gene expression changes accompanying
more plentiful in the head and trunk than in the tail (Izutsu this developmental switch in amphibians, the inducing sig-
et al., 1993; Kinoshita and Sasaki, 1994a,b). In the tail, some nal for structural and perhaps functional epidermal remod-
basal cells must reside in the dorsal ®n, since this is where eling in other vertebrates is not known.
Several functions have been proposed for the mammalianadult keratin expression is ®rst detected (Fig. 6C).
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Horsfall protein±mRNA synthesis is localized to the thick as-periderm (Holbrook, 1983). One is to serve as a temporary
cending limb of Henle's loop in rat kidney. Histochemistry 94,protective barrier for the underlying developing epidermis
517±523.which must divide rapidly to cover the surface of the grow-
Bairoch, A. (1993). The PROSITE dictionary of sites and patternsing fetus. The apical cell layer in amphibians is also present
in proteins, its current status. Nucleic Acids Res. 21, 3097±3103.during a rapid growth phase. The presence of gap junctions
Banks-Schlegel, S. P. (1982). Keratin alterations during embryonic
in the periderm may create an outer ``communication com- epidermal differentiation: A presage of adult epidermal matura-
partment'' prior to epidermal strati®cation and the develop- tion. J. Cell Biol. 93, 551 ±559.
ment of a permeability barrier (Risek et al., 1994). Others Beaudoin, A. R., Grondin, G., and Laperche, Y. (1993). Immunocy-
have proposed that the periderm plays a role in the exchange tochemical localization of g-glutamyltranspeptidase, GP-2 and
amylase in the rat exocrine pancreas: The concept of zymogenof material between the developing fetus and the amniotic
granule membrane recycling after exocytosis. J. Histochem. Cy-¯uid (Holbrook, 1983). Certainly, both the periderm and the
tochem. 41, 225±233.amphibian apical cells are in direct contact with an aqueous
Brown, D. A., Crise, B., and Rose, J. K. (1989). Mechanism of mem-environment during their life span. Finally, the periderm
brane anchoring affects polarized expression of two proteins inlikely serves a secretory function as indicated by an exten-
MDCK cells. Science 245, 1499±1501.sive Golgi apparatus and secretory granules (M'Boneko and
Brown, D. D., Wang, Z., Furlow, J. D., Kanamori, A., Schwartzman,
Merker, 1988), perhaps also as part of its protective role. R. S., Remo, B. F., and Pinder, A. (1996). The thyroid hormone
While the precise function of the tadpole apical cell layer is induced gene expression program during amphibian tail resorp-
poorly understood, protective and secretory functions have tion. Proc. Natl. Acad. Sci. USA 93, 1924±1929.
been proposed as well (Robinson and Heintzelman, 1987). Buckbinder, L., and Brown, D. D. (1992). Thyroid hormone-induced
gene expression changes in the developing frog limb. J. Biol.The morphological resemblance of mammalian fetal and
Chem. 267, 25786±25791.amphibian larval epidermis suggests that these four newly
Byrne, C., Tainsky, M., and Fuchs, E. (1994). Programming genedescribed genes, XL17-20, could play an analogous role in
expression in developing epidermis. Development 120, 2369±all vertebrates. The identi®cation of genes expressed exclu-
2383.sively in this larval, outer epidermal layer represents an
Chirgwin, J. M., Przybyla, A. E., MacDonald, R. J., and Rutter, W. J.important step in understanding the function of the peri-
(1979). Isolation of biologically active ribonucleic acid from
derm and its amphibian counterpart in development. sources enriched in ribonuclease. Biochemistry 18, 5294±5299.
Chomczynski, P. (1993). A reagent for the single-step simultaneous
isolation of RNA, DNA, and proteins from cell and tissue sam-
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